ABSTRACT
INTRODUCTION
The most recent developments of in the fields of Electronics, Informatics and Telecommunications include applications in the biomedical engineering field to improve the healthcare quality [1] [2] [3] [4] [5] [6] [7] [8] . In particular, a number of systems has been developed in telemedicine and home care sectors which could guarantee an efficient and reliable home assistance, allowing a highly better quality of life in terms of prophylaxis, treatment and reduction of discomfort connected to periodic hospitalization for the patients afflicted by pathologies, such as hypertension, as well as considerable savings on sanitary expenses. In particular, hypertension is defined as elevated blood pressure (BP) above 140 mm Hg systolic and 90 mm Hg diastolic when measured under standardized conditions [9] [10] . Hypertension can be a separate chronic medical condition estimated to be affecting a quarter of the world's adult population [11] , as well as a risk factor for other chronic and non-chronic patients. Traditional highrisk patients include all patients afflicted by pathologies such as cardiac decompensation, ischemic heart disease, kidney disease, diabetes. Persistent hypertension is one of the key risk factors for strokes, heart attacks and increased mortality [12] . In particular, in pregnant women with gestational diabetes, known as preeclampsia, hypertension is the most common cause of maternal and fetal death [13] . For all the previous cases blood pressure should be kept below 130 mmHg systolic and 80 mm Hg diastolic to protect the kidneys from BP-induced damage [14] . Therefore, in particular for high-risk patients, it is very important to continuously monitor the blood pressure over a whole day using systems that should not hamper the ordinary daily activities of the patient. By the data collected during continuous monitoring, physician can have a clear understanding of the daily evolution of the pressure values, furthermore these devices can trigger out-of-range alarms to alert both the patient and the physician. Continuous monitoring is also essential to rule out so called white-coat hypertension where an healthy patient seems having hypertension just because of the stress during the physician visit. The most used method for measuring blood pressure is the auscultatory method. This method is based on the contemporary use of a sphygmomanometer and a stethoscope. The sphygmomanometer has a cuff, which inflates and deflates, equipped with a pressure sensor positioned on the arm in correspondence of the brachial artery. The stethoscope allows to listen the arterial sounds (known as Korotkoff sounds) during the cuff slow deflation, which are used to determine systolic and diastolic blood pressure. This method presents some difficulties in signal analysis due to physiological variations of the Korotkoff sound patterns. Moreover, weak signals are disturbed by ambient noises and misleading information can occur [15] . This method gives very few data samples of the BP and furthermore requires the presence of qualified operator, while the daily activities of the patient are suspended for a time longer than the same measurement. The recalled technical difficulties make the method automation quite hard to be achieved when good data quality is required. Instead of the auscultatory method, there are other important indirect methods such as the oscillometric method, which is one of the best approach to evaluate the systolic and diastolic blood pressure [16] . In this paper we propose an electronic unit to perform a non-invasive measurement of the blood pressure based on the oscillometric method and able to evaluate both the systolic and diastolic blood pressure values. To avoid artifacts, accelerometers could be used to verify that the patient is in rest and that the arm is lowered. The proposed system, prototyped and tested at the Electronic Devices Laboratory, is characterized by easy use and very high level of automation. The paper is organized as follows. In Section 2 we describe shortly the main features of our system, while in Section 3 the proposed circuit is analyzed, highlighting the main goals obtained by our design. Finally, the conclusions and future developments are illustrated in Section 4.
MAIN FEATURES OF THE PROPOSED SYSTEM
As we have already considered, the proposed system is based on the oscillometric method [16] . This approach analyzes the variations in pulse pressure as a function of the pressure applied to a pneumatic cuff wrapped around the limb. As in the auscultatory method, the cuff is inflated until the artery is completely occluded. A stepwise decrease in cuff pressure is then applied, and an increase in pulse amplitude is observed when the cuff pressure equals the blood systolic pressure. The pulse amplitude increases until the mean blood pressure is reached. The pulse amplitude then decreases with decreasing of the cuff pressure from mean to diastolic values. The systolic and diastolic blood pressure can then be evaluated by applying a numerical algorithm to the shape of oscillometric amplitudes. Moreover, this method allows the measurement of the blood pressure also when the Korotkoff sounds are weak, thus overcoming the limitations related to the auscultatory method. Since microphones are not required, environmental noise problems are completely avoided. The acquisition chain consists of a pressure transducer whose signal is amplified and filtered to cut noise and continuous levels, then the signal is read by an analog to digital converter (ADC) on a microcontroller. The microcontroller, after deflation of the cuff, allows to determine the peak of the pulsatile component and the diastolic and systolic pressure values. Finally, the microcontroller runs the memory and wireless transmitter/receiver unit, including the battery. In particular, the combination of the latest suitable telecommunication solutions (GPRS and Bluetooth) with new algorithms and solutions for automatic real-time, cost-effective diagnosis (both in terms of purchase expenses and data transmission/analysis) and simplicity of use (the patient will be able to wear it), can make the designed system useful for remote monitoring, allowing real-time rescue operations in case of emergency without the necessity for data to be constantly monitored. To this purpose, the proposed system has been equipped with properly developed firmware [1] [2] , [17] , which enables automated functioning and complex decision-making. It is indeed able to prevent lethal risks thanks to an automatic warning system. Everything occurs automatically, without any operation by the user. Each monitored patient is given a case sheet on a Personal Computer (PC) functioning as a server (online doctor). Data can also be downloaded by any other PC, palmtop or smart phone equipped with a browser. The system reliability rests on the use of a distributed server environment, which allows its functions not to depend on a single PC and gives more online doctors the chance to use them simultaneously. The system consists of three hardware units as well as properly developed management software, including:
• the cuff wrapped at an arm; • a wearable Portable Unit (PU), which is wireless (GPRS/Bluetooth). This PU allows, by an Internet connection, the transmission, continuous or sampled or on demand, of the health parameters and allows the GPS satellite localization and the automatic alarm service, on board memory. Moreover, PU has an USB port for data transfer and a rechargeable battery;
• Relocable Unit (RU): GPRS/Bluetooth Dongle (on PC server, i.e. online doctor):
• Management Software: GPS mapping, address and telephone number of nearest hospital, simultaneous monitoring of more than one patient, remote (computerized) medical visits and consultation service, creation and direct access to electronic case sheets (login and password).
ANALYSIS OF THE PROPOSED CIRCUIT
As a first step of the measurements, the cuff wrapped around the patient arm is inflated with air by a micro-pump and then deflated through an electromechanical valve. Inside the cuff, facing the arm, a sensor measures the pressure obtained with summing to the arterial pressure variation (oscillometric signal) produced by the patient's heartbeat. During deflation, a microcontroller senses the pressure variation and identifies the instants when systolic and diastolic blood pressure are reached, so at those times the pressure is read from the pressure sensor and the measurement is achieved. The system includes several subunits, but we will focus mainly on the acquisition chain. A transducer is used to sense the pressure inside the cuff. For higher sensitivity we have chosen a piezoresistive micromachined transducer with analog output. It is an integrated transducer constituted by two gain stages, where the first provides the temperature compensation. We have chosen to have large margins in electronic design for hearth rate and pressure signal, so that the system can be applied to young people under physical stress as to unhealthy people with high pressure values. In Fig. 1 the signal coming from the piezoresistive transducer is shown, where two curves can be distinguished, corresponding to inflating and deflating processes, respectively. We have analyzed the signal during the deflating process, which occurs after the first six seconds. The application of the Fourier transform shows the signal frequency components, as sketched in Fig. 2 . Thus, this signal is the superposition of a deflation signal with the arterial pressure pulsation (oscillometric) signal. While the former is a very low frequency signal, the latter has base frequency at the earth beat [1 ÷ 3] Hz, so a pass-band filter with a low cut-off frequency is used to separate the oscillometric signal. The pressure is obtained by the complete signal, where the small oscillating component of the oscillometric signal is easily suppressed by averaging. Hence the signal from the transducer is split in two paths, one path reaches straight the ADC of the microprocessor, while a second path passes through a filter before arriving to a second ADC of the microprocessor. The former transmits the pressure values, while the latter transmits the pressure variations due to the earth beat. Now, on the filtered path we have to eliminate the DC component, out-band noise and interferences from other electrical devices at higher frequencies. To this aim, a first order high pass filter with a gain of 24 is used as first stage, followed by a second order Bessel high-pass filter with gain 2.3, and at the end a second order Bessel low pass filter with unit gain, as shown in Fig. 3 . Figure 3 . Band-pass active filter.
Both second-order Bessel filters have been realized using Sallen-Key circuital topology with positive supply only operational amplifier. The high pass section cuts at 1.4 Hz (-3 dB), reaching -40 dB at 0.22 Hz, while the low pass section cuts at 31 Hz (-3 dB) reaching -40 dB at 390 Hz. The high cut has been chosen to allow a good peak detection and suppression of any pickup noise. The positive supply only circuit needs a voltage reference which is obtained using another operational amplifier. Filter circuit has been optimized for low power, using high value resistors and low power operational amplifier, obtaining power dissipation below 130 µW. The start-up time is about 1 s, which is negligible if compared to the measurement time. The noise has been evaluated to be almost negligible at 12 bit acquisition. All these parameters have been verified to be stable versus component value changes due to production tolerances. Most resistors have been requested at 5% and most capacitors have been requested at 20%. Statistical analysis of the circuit properties shows that, in case that tighter tolerance should be requested, it would be enough to use some 1 % tolerance resistors and 10 % capacitors. Although the circuit is powered at V cc = 5 V, the reference level V ref has been put at 2V (a bit lower than V cc /2) since output starts distorting at 4.2V and signal has positive peak larger than negative peaks. This signal level range comply with ADC input on ADuC812 microcontroller when the ADC reference is driven by V cc (5V), used as an external reference. Since the pressure sensor output is an amplified signal coming from a full measurement bridge, its output is proportional to the supply voltage, hence correct pressure measurement requires ratiometric method. Moreover, since the ADC output values are the input signals divided by the reference voltage, ratiometric measurements are simply obtained using as ADC voltage reference the sensor supply voltage, which is also used for generating the voltage reference at the filter stages. The frequency response of the designed pass-band filter is shown in Fig. 4 . The microcontroller reads both the signal from the transducer and the output signal of the pass-band filter, thus evaluating the mean arterial pressure and the related values corresponding to systolic and diastolic blood pressure. As already specified, we have used an Analog Devices AduC812 microcontroller, characterized by analog single-ended 8 acquisition channels, each of them multiplexed to a 12 bit ADC converter, flash, RAM, and UART serial interface. For pressure measurements, we use only two channels to process the input signals, which are sampled at different frequencies, buffered in the internal memory and analyzed on the fly. The microcontroller is charged with measurement scheduling, result memorizing and transmission using a GPRS modem. To this purpose, we have used a transmitting module employing a surface acoustic wave (SAW) transmitter to produce a carrier wave at the free frequency of 433.92 MHz at a voltage supply of 5 V and an absorbed current of 4 mA. The chosen receiver is characterized by a high selectivity and insensitivity to electromagnetic fields, a working centre frequency of 433.92 MHz and a pass-band of 600 kHz. The typical values of the voltage supply and absorbed current are +5 V and 3 mA, respectively. Moreover, the receiver is characterized by a high sensitivity of -100 dBm which can be lowered in order to provide a suitable noise level reduction. Finally, we have tested our system by using a Lu-La Logic Analyzer, which has two input channels. We have connected the channel 0 to the receiver output and the channel 1 to the transmitter input, as shown in Fig. 6 . As shown in Fig. 6 , the transmitted signal is perfectly recognized by the receiver.
CONCLUSIONS AND FUTURE DEVELOPMENTS
In this paper, a system to measure the arterial blood pressure is presented. Our device, based on the use of the oscillometric method, solves all the problems related to the typical approach for detecting the Korotkoff sounds. We have used a pressure sensor, an active filter and an ADC on board of the microcontroller ADuC812. Moreover, our device can perform the transmission of the measured pressure values to a remote computer using a GPRS modem. Actually we are working to obtain a drastic reduction in dimensions of our prototype using industrial technologies.
